Nucleotides are released into the extracellular milieu from infected cells and cells at inflammatory sites. The extracellular nucleotides bind to specific purinergic (P2) receptors and thereby induce a variety of cellular responses including antiparasitic effects. Here we investigated whether extracellular nucleotides affect leishmanial infection in macrophages, and found that UTP reduces strongly the parasite load in peritoneal macrophages. Ultrastructural analysis of infected cells revealed that UTP induced morphological damage in the intracellular parasites. Uridine nucleotides also induced dose-dependent apoptosis of macrophages and production of ROI and RNI only in infected macrophages. The intracellular calcium measurements of infected cells showed that the response to UTP, but not UDP, increased the sensitivity and amplitude of cytosolic Ca 2+ changes. Infection of macrophages with Leishmania upregulated the expression of P2Y2 and P2Y4 receptor mRNA. The data suggest indirectly that Leishmania amazonensis infection induces modulation and heteromerization of P2Y receptors on macrophages. Thus UTP modulates the host response against L. amazonensis infection. UTP and UTP homologues should therefore be considered as novel components of therapeutic strategies against cutaneous leishmaniasis.
Introduction
Leishmania species are kinetoplastid protozoan parasites that colonize invertebrates and vertebrates and are obligate intracellular parasites of macrophages in their vertebrate hosts. Leishmania parasites have developed different strategies to adapt and survive in their hosts (Dermine et al., 2005) . Thus, Leishmania uses lypophosphoglycan (LPG) to inhibit the ability of phagosomes to fuse with late endocytic organelles and lysosomes (reviewed Dermine et al., 2005) , and it inhibits the hydrolytic activity of lysosomal enzymes, possibly through chelation of calcium and inhibition of protein kinase C (Awasthi et al., 2004) . Early studies suggested that Leishmania parasites also avoid triggering oxidative burst by actively inhibiting PKC activation in macrophages (Olivier et al., 1992; Moore et al., 1993) . Infectious stages of Leishmania also actively and selectively inhibit IL-12 production, while leaving other pro-inflammatory cytokine response pathways relatively intact (Feng et al., 1999) . Once in the macrophage host, Leishmania promastigotes rapidly revert to the amastigote form, and survive and multiply inside the macrophages, eventually leading to the lysis of the host cells (Awasthi et al., 2004) .c mi_1630 1410.. 1428 Nucleotides released after cell lysis, especially ATP, can modulate infection by ligating purinergic receptors. In mammals, there are two families of nucleotide receptors (P2). The ligand-gated ion channels P2X receptors (with seven members cloned: P2X1-P2X7) and the G proteincoupled metabotropic P2Y receptors (with eight members cloned: P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13 and P2Y14) (Burnstock, 2007) . ATP binds to the P2X7 receptor, a special member of P2X receptors responsible for inducing cell death of intracellular bacterial pathogens such as Mycobacterium tuberculosis, Chlamydia trachomatis (Lammas et al., 1997; Coutinho-Silva et al., 2003; 2007) and Toxoplasma gondii (Correa et al., 2010; Jamieson et al., 2010; Lees et al., 2010) , and modulation of cell death in mice infected with the protozoan parasite, Trypanosoma cruzi (Mantuano et al., 2003) .
Extracellular ATP and other purine/pyrimidine nucleotides mediate intracellular signalling via P2 receptors and induce biological effects in various cell types. The broad tissue distribution of the adenine and uridine nucleotide-activated P2 receptors supports the idea that endogenously released nucleotides act as important extracellular signalling molecules (Brunschweiger and Muller, 2006; Elliott et al., 2009) .
Uridine derivatives have received increasing attention after they were shown to activate G protein-coupled P2Y nucleotide receptors with equal or greater efficacy than adenine nucleotides (Anderson and Parkinson, 1997) . Uridine has protective effects during inflammation, dampening inflammation under different kinds of cellular stress or pathological conditions (Bours et al., 2006) . However, the exact mechanisms by which uridine reduces or alters the inflammatory response remain unclear (Evaldsson et al., 2007) .
In 1997, Lazarowski demonstrated that mechanical stimulation of cells results in non-lytic release of UTP, and affects autocrine stimulation of P2Y receptors (Lazarowski et al., 1997) . The release of UTP is coupled to stimulation of heterologously expressed P2Y 4 receptors in a human astrocytoma cell line. Levels of UTP in tissues may increase to 300 nM, which is sufficient to activate P2 receptors (Lazarowski and Harden, 1999) , and increased uridine nucleotide release has been detected from vascular endothelial cells under certain pathological conditions (Seifert and Schultz, 1989) . In addition, functional assays with intact cells expressing recombinant P2Y receptors that are selectively activated by UTP, UDP and UDPglucose indicated that these nucleotide species are released from resting or mechanically stimulated cells at concentrations capable of stimulating their respective receptors (Lazarowski et al., 1997; 2003; Homolya et al., 2000) .
We show here that despite the impressive arsenal of weapons deployed by Leishmania amazonensis to subvert host cells, macrophages still manage to eliminate the infectious parasites by upregulating pyrimidinergic receptors. This strategy may play a key role in maintaining protection against long-term parasitism in mammalian hosts.
Results

Parasite load is diminished by uracyl treatment
Nucleotides are known to modulate phagocytosis, promote vesiculation and induce intracellular parasite death. Many reports have shown that extracellular ATP coupling to the P2X 7 receptor can diminish parasite survival in macrophages (Fairbairn et al., 2001; Li et al., 2002; Lees et al., 2010; review in Coutinho-Silva et al., 2007) . Since macrophages also express several P2 receptors that are responsive to uracyl nucleotides, we decided to characterize the effects of uracyl nucleotides on L. amazonensis-infected macrophages. To analyse the parasitic load, infected macrophages were treated with nucleotides, and parasite growth was quantified by optical microscopy. As Fig. 1 shows, UTP reduced the parasite load by 75%, compared with untreated cells (Fig. 1A) . Compared with UTP, UDP was less effective at reducing the parasitic load in macrophages. These results led us to hypothesize that UTP may inhibit infection by activating P2Y receptors. We therefore incubated infected cells with Suramin or PPADS (two known antagonists of P2 receptors) before addition of UTP. Suramin reversed 65% of the anti-parasitic effect of UTP. Similarly, Pyridoxalphosphate-6-azophenyl-2′,4′-disulfonic acid (PPADS) reversed the anti-parasitic effect by 48%, while PPADS also inhibited the infection (Fig. 1A) . These results suggest that UTP mediated its effects by activation of P2 receptors.
The UTP-mediated effects on infection started within 1 h after nucleotide treatment and became larger after 6 h of treatment (Fig. 1B) . In addition, the UTP-mediated effect seemed to depend on the intracellular calcium concentration, since the effects were completely blocked by treatment with the intracellular membrane-permeable calcium chelator, 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA), but to a much lower extent by the extracellular calcium chelator, EGTA (Fig. 1C) .
UTP treatment results in damage of macrophages and intracellular parasites
Since UTP treatment reduced the parasitic load, we decided to analyse more carefully the infected macrophages and amastigotes by electron microscopy ( Fig. 2B-D) . After UTP treatment, infected macrophages had an altered shape, presenting few intact organelles (Fig. 2B ) and electron-dense chromatin attached to the nuclear envelope of nuclei ( Fig. 2B and C) , compared with UTP-inducing effects in infected macrophages 1411 the structure of uninfected cells that were treated with UTP ( Fig. 2A) . It was also possible to observe dilated endoplasmic reticulum (ER) and cytoplasm vacuolization in infected macrophages that were treated with UTP (Fig. 2D ). In addition, it was possible to find damaged parasites with large vacuoles and small electron-dense vesicles in the cytoplasm (black arrows), which are not characteristic of this amastigote form ( Fig. 2C and D) . We did not observe alterations in parasite kinetoplasts. We also found free parasites in our samples, some of which were apparently damaged but also some which were healthy (data not shown).
We frequently observed apoptotic/necrotic macrophages, although the majority of the cells did not contain visible parasites in the cytoplasm (not shown).
UTP and UDP induce intermediate reactive oxygen and nitrogen species only in infected cells
Macrophages are phagocytic cells that paradoxically are also the preferential host cell of Leishmania (Walters et al., 1993) . Activation of macrophages is a basic mechanism for elimination of the Leishmania parasites, and the most common pathway mediating parasite lysis or destruction by murine macrophages involves the production of nitric oxide (NO) from iNOS (Awasthi et al., 2004) and reactive oxygen species (ROS) (Kavoosi et al., 2006) . We thus determined whether UTP and UDP stimulate production of reactive oxygen intermediates (ROIs) and ROS by measuring NO, H 2O2, O2
-and ROS levels. Figure 3A shows NO production induced by 10 mg of LPS co-stimulated with ATP, as previously reported (Hu et al., 1998) . The nucleotides UTP and UDP did not induce any NO in uninfected macrophages (Fig. 3A) . Conversely, UTP and UDP induced high levels of NO production in L. amazonensis-infected macrophages (Fig. 3A) .
We next measured H2O2 production in infected and uninfected cells (Fig. 3B ). Both infected and uninfected cells produce only a low level of peroxide (Fig. 3B) . However, infected cells treated with UTP produced high levels of peroxide, which was reversed by treatment with the anti-oxidant, ascorbic acid (A.A.). We also measured O2 -production in infected and uninfected cells (Fig. 3C ). Infected macrophages treated with UTP produced higher amounts of O2
-when compared with uninfected UTPtreated cells (Fig. 3C) , although the differences in production of the short-lived O2
-were not as dramatic as for H2O2 production.
As an alternative way to measure total ROS production, we used the DCFDA fluorescent probe (Fig. 3D ). As shown in Fig. 3D , ATP induced ROS production in uninfected cells, in agreement with an earlier study . In addition, UTP could induce ROS produc- Resident macrophages were infected with L. amazonensis promastigotes at an moi of 10:1 for 4 h, and the free parasites were then washed off. After 24 h post infection, cells were treated with agonists 100 mM UTP (A and B) and UDP (A) or control buffer, in the presence or absence of the antagonists, 100 mM Suramin and 300 mM PPADS (A). After 12 h the cells were fixed and counted (A and C). In (B) the cells were fixed and counted after different times post UTP treatment. In (C) the cells were treated with 3 mM ATP, 100 mM UTP or control buffer in Ca 2+ -free solution. At least 250 cells were examined and results were expressed as the infection index (II), which is obtained by the formula: II = (% infected macrophages) ¥ (amastigotes/infected macrophage)/100. Values represent mean Ϯ SEM of four separate experiments. ***P < 0.0001, **P < 0.001, *P < 0.05. tion only in L. amazonensis-infected macrophages. We therefore incubated infected cells with Suramin or PPADS before addition of UTP or ATP. Suramin and PPADS completely blocked the ROS production induced by UTP, while both antagonists partially blocked ATP-induced ROS production (Fig. S1C ). Taken together, these results revealed that L. amazonensis infection renders infected macrophages sensitive to UTP-induced production of ROI and RNI.
L. amazonensis-infected macrophages undergo apoptosis induced by UTP and UDP
In order to survive, Leishmania amastigotes depend on mechanisms that prevent both parasites and infected host cell from being killed. Extracellular ATP, at millimolar concentrations, triggers apoptosis following P2X 7 ligation in different cell types such as dendritic cells (Coutinho-Silva et al., 1999) and macrophages (Oshimi et al., 1999) . However, little is known about the ability of UTP to induce cell death (Cavaliere et al., 2005) .
Apoptosis was assessed by quantifying hypo-diploid nuclei after 8 h of exposure to nucleotides. As shown in Fig. 4A , infected macrophages presented a slight level of inhibition (7 Ϯ 2%) of spontaneous apoptosis, a mechanism of parasite survival that was previously reported (Lisi et al., 2005) . Infected cells presented a higher level (49 Ϯ 6%) of apoptosis after ATP treatment, despite the ability of the parasites to inhibit spontaneous apoptosis. Conversely, UTP and UDP did not induce apoptosis in uninfected macrophages, in agreement with previous reports that UTP does not induce apoptosis of uninfected macrophages (Coutinho-Silva et al., 2001) . In contrast, UTP and UDP induced significant levels of specific apoptosis (20 Ϯ 1% and 10 Ϯ 2% respectively) in infected macrophages.
Apoptosis induced by the nucleotides is also dosedependent. Figure 4B and C shows that uninfected cells did not undergo apoptosis at any of the UTP and UDP concentrations tested (Fig. 4B and C) . UTP (Fig. 4B) and UDP ( Fig. 4C ) treatment induced apoptosis in infected macrophages as a function of concentration, with UTP being more effective than UDP. The nucleotide concentrations were also consistent with concentrations known to activate different P2Y receptors: UTP at an EC50 of 10 mM, and UDP at an EC50 of 20 mM (Del Rey et al., 2006) .
We used three additional procedures to characterize the type of apoptosis induced by the nucleotides: DNA fragmentation was determined by terminal deoxythymidine transferase-mediated dUTP nick end-labelling (TUNEL) DNA breaks, which were detected by a fluorescence microscope; the externalization of phosphatydilserine (PS) (an early step of apoptosis) was measured using annexin V, which binds to PS; and nuclear condensation was ascertained by labelling nuclear DNA with Hoechst and visualizing condensing nuclei under a fluorescence microscope.
As shown in Fig. 4D , panel B, ATP induced DNA fragmentation in infected macrophages, as expected, but so did UTP (Fig. 4D, panel D) . L. amazonensis-infected untreated cells and uninfected UTP-treated cells did not show any DNA fragmentation (Fig. 4D , panels A and C), confirming the results in Fig. 4A .
Using flow cytometry, we evaluated the % of annexin V-positive cells after ATP and UTP treatment in infected and uninfected cells (Fig. 4E ). We observed that the Leishmania-infected cultures were more susceptible to ATP-induced apoptosis than uninfected cells, with the percentage of apoptotic cells rising from about 40% in uninfected cells to 70% in infected macrophages. UTP also ) or AnnexinV-FITC PI binding buffer (E) and analysed by flow cytometry (A, B, C and E). Data from 10 000 cells were collected on a FACScan and analysed using Cell Quest 3.3 software. TUNEL-labelled DNA breaks (D) were analysed in infected macrophages (panel B, D) and uninfected macrophages (panel A, C) that were treated with 3 mM ATP (panel B), 100 mm UTP (panel C, D) or control buffer (panels A). Values A-C represent the mean Ϯ SEM of five independent experiments performed in triplicate. ***P < 0.0001; **P < 0.001; *P < 0.05. Fig. 3 . Possible role for oxidative burst in UTP-induced damage of L. amazonensis amastigotes. Resident macrophages were infected or mock-infected with L. amazonensis promastigotes at an moi of 10:1. After 4 h, free parasites were removed. After 24 h of infection, cells were treated with control buffer, 100 mM UTP, 100 mM UDP, 3 mM ATP or 3 mM ATP + 1 mg ml -1 LPS. After 8 h, nitric oxide production was analysed (A). Alternatively, after 1 h, H2O2 (B), O2 -(C) and ROS (D) were measured. The colorimetric assay was used with Griess reagents (A), phenol red (B), nitroblue tetrazolium (C) and HCFDA fluorescence (D). Infected cells were treated with control buffer, 100 mM UTP or 3 mM ATP, and incubated with buffer, 10 mM ascorbic acid (A.A.) or 10 mM N-acetyl-l-cysteine (NAC). Cells were uninfected (white bars) or infected (black bars) with L. amazonensis. Data are expressed as the mean Ϯ SEM of four (A) and three (B and C) independent experiments. ***P < 0.0001, *P < 0.05. induced apoptosis (stimulated externalization of PS) but only in infected cultures, where about 60% of the cells were positive for Annexin-V under these experimental conditions (Fig. 4E ).
Finally, Hoechst nuclear labelling showed that ATP, UTP and UDP treatment altered the shape of nuclei in infected cultures, which assumed the characteristic form of apoptotic nuclei; while uninfected cells treated with the nucleotides displayed normal nuclei, except in the case of ATP treatment, which is a known inducer of apoptosis (data not shown).
UTP-induced apoptosis in infected cells is caspase-dependent
Using a pan-caspase inhibitor (Z-VAD), we observed, by hypodipoid nuclei quantification, that apoptosis induced by ATP and UTP in infected macrophages is mediated by caspases (Fig. 5A ). In particular, we observed activated caspase-3 during treatment with both nucleotides (Fig. 5B) . Conversely, caspase activation does not seem to be involved with UTP-induced amastigote elimination, since pre-treatment with Z-VAD did not block the UTP-induced reduction of the parasite load (Fig. 5C ).
L. amazonensis-infected cells undergo apoptosis but not necrosis induced by UTP and UDP
Extracellular ATP can induce both apoptosis and necrosis in macrophages through activation of the P2X 7 receptor (Adinolfi et al., 2005) . Since there are no reports describing UTP-or UDP-mediated cell death in macrophages, Fig. 5 . UTP-induced apoptosis but not anti-amastigote activity in infected cells require caspase activation. Peritoneal resident macrophages were infected with L. amazonensis promastigotes at an moi of 10:1. After 4 h of infection, free parasites were removed by washing. After 24 h of infection, cells were pre-treated with 1 mg ml -1 Z-VAD for 30 min, then treated with control buffer, 100 mM UTP or 3 mM ATP (A and B). After 8 h, apoptosis was quantified by cytofluorimetry through hypodiploid nuclei (A) or caspase-3 activation (B). In (C) is shown the quantification of parasite load. In (D) the supernatant was incubated with LDH kit. LDH release was measured by the colorimetric assay in the supernatant of the different experimental conditions. Data from 10 000 cells were collected on a FACScan and analysed using Cell Quest 3.3 software (A and B), and (C) at least 250 cells were examined and results were expressed as the infection index (II), which is obtained by the formula: II = (% infected macrophages) ¥ (amastigotes/infected macrophage)/100. Values represent mean Ϯ SEM of four independent experiments performed in triplicate. ***P < 0.0001; **P < 0.001; *P < 0.05.
and our results revealed cell death induced by these nucleotides only in infected cells, we investigated if UTP and UDP also induce necrosis in infected macrophages. Thus, we performed a lactate dehydrogenase (LDH) release assay after nucleotide treatment of infected cells. As shown in Fig. 5D , ATP triggered LDH release from both infected and uninfected cells, as expected; but treatment with neither UTP nor UDP induced necrosis. Hence, UTP and UDP stimulate apoptosis of infected macrophages, with little or no contribution from necrosis.
Antagonists of uracyl activated receptors inhibit apoptosis induced by UTP and UDP in L. amazonensis-infected macrophages
Since P2Y receptor antagonists can reverse UTPdependent inhibition of parasite infection, we verified whether suramin and PPADS can also inhibit apoptosis induced by UTP and UDP. We found that suramin inhibited apoptosis induced by both UDP and UTP in infected cells ( Fig. 6A and B ). However, PPADS had no effect on UTP-induced apoptosis (Fig. 6B) . UTP-induced apoptosis started after 5 h of nucleotide treatment and was maximal after 6 h (Fig. 6C) . However, the pharmacology suggested that more than one uracyl-activated receptor was involved. Thus we used two more stable activators of P2Y 2 and P2Y4 (UTPgammaS) and P2Y6 (UDPbetaS), which have been reported to discriminate between P2 receptors. The results show that both agonists can equally reduce apoptosis in infected macrophages (Fig. S1A) .
In addition, we verified the dependence of extracellular calcium for UTP-induced apoptosis. We observed that specific apoptosis induced by UTP was completely blocked when the UTP incubation was done in Ca 2+ -free saline buffer in the presence of 1 mM EGTA (Fig. 6D) .
Calcium-mediated P2Y signalling
Nucleotides activating P2Y and P2X receptors are known to promote transient calcium concentration changes in macrophages (Coutinho-Silva et al., 2005; Del Rey et al., 2006) . We therefore analysed whether calcium signalling was altered after infection with L. amazonensis. We performed Ca 2+ measurements by loading infected and uninfected cells with the calcium-sensitive fluorescent dye, FURA-2 AM. As shown in Fig. 7 , uninfected macrophages exhibit a transient Ca 2+ response to ATP, but not to subsequent treatment with UTP when applied sequentially (Fig. 7A) . However, infected macrophages responded to UTP with a transient increase in intracellular Ca 2+ concentration, when UTP was applied after ATP (Fig. 7B) . Moreover, when the sequence of nucleotides was reversed, treating first with UTP and then ATP, both infected and uninfected cells responded with transient Ca 2+ peaks ( Fig. 7C and D) . These results reinforce our interpretation that there is positive modulation of UTP-activated receptors during L. amazonensis infection.
In order to analyse the mechanisms underlying calcium signalling, we determined whether infection with L. amazonensis promotes higher sensitivity to nucleotides with regards to modulation of intracellular calcium concentrations. Figure 8 shows that infection promotes higher sensitivity to UTP (Fig. 8B) , but not to UDP (Fig. 8C) nor ATP (Fig. 8A) . We observed that the Ca 2+ dose-response curves for ATP in infected macrophages were similar to uninfected ones, with an EC50 of 1 mM (Fig. 8A) , although the curve inclination was slightly changed.
In response to UTP, we observed that the infection increased the sensitivity 10-fold, with the EC50 being 0.7 mM and 7 mM for infected and uninfected cells respectively (Fig. 8B) . The intracellular Ca 2+ dose-responses curves for UDP were equivalent for infected and uninfected cells, displaying an EC50 of 4 mM in both cases (Fig. 8C) . In addition, when we compared the amplitude of UTP-and UDP-induced calcium changes in uninfected and infected macrophages at saturating nucleotide concentrations, we observed that the infection modulates UTP and UDP calcium responses in opposite ways. While intracellular Ca 2+ responses in response to UTP were higher in infected cells (Fig. 8D, left graphic) , the Ca 2+ responses in response to UDP were lower (Fig. 8D, right  graphic) . Collectively, our data obtained from calcium measurements provide evidence that the infection with L. amazonensis modulates positively UTP-activated receptors in macrophages.
Regulation of P2Y2 and P2Y4 gene and protein expression in infected macrophages
Since we observed several functions activated by UTP in the infected macrophages, we hypothesized that among P2Y receptors, the P2Y2, P2Y4 and P2Y6 receptors may be modulated during L. amazonensis infection. We therefore analysed gene expression of P2Y2, P2Y4 and P2Y6 receptors in macrophages. Real-time PCR revealed that P2Y2 and P2Y4 receptor mRNA transcription levels increased 11.7 Ϯ 0.7-and 1.4 Ϯ 0.1-fold, respectively, in infected macrophages, compared with gene expression levels in control uninfected macrophages (Fig. 9A ). P2Y6 receptor expression was not detected in macrophages (not shown). Western blot analysis showed a stronger band compatible with the expected for P2Y4 and P2Y2 receptors in extracts from infected macrophages when compared with uninfected ones (Fig. 9B) . The optical density analysis of bands showed a fivefold and twofold enhancement of P2Y2 and P2Y4 expression respectively (Fig. 9C) . ) and analysed by flow cytometry. Data are expressed as the mean Ϯ SEM of four independent experiments. ***P < 0.0001, **P < 0.001, *P < 0.05.
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Discussion
A growing number of studies have demonstrated the importance of extracellular nucleotide signalling via P2 receptors as an important component of the inflammatory response to infection (Fairbairn et al., 2001; Li et al., 2002; Coutinho-Silva et al., 2007; Yilmaz et al., 2008; Lees et al., 2010) . In response to the anti-parasitic activity of the nucleotides, some parasites express on their outer surface enzymes that degrade or synthesize nucleotides, in order to facilitate establishment of the infection. Once inside the host cell, the parasites evade the humoral response and attempt to inhibit cellular microbicidal mechanisms such as the oxidative burst, lysosome fusion and host-cell apoptosis (Luder et al., 2001; CoutinhoSilva et al., 2007; Yilmaz et al., 2008) .
In the present study, we confirm previous observations that macrophages infected with L. amazonensis undergo apoptosis when exposed to ATP following activation of P2X 7 receptors (Chaves et al., 2009) . Our current observation that uracyl nucleotides induce apoptosis in macrophages from P2X7
-/-mice demonstrate that the apoptosis is independent of P2X7 receptors (Fig. S2) . Furthermore, a small but reproducible decrease of spontaneous apoptosis of macrophages from P2X7-deficient mice suggests that spontaneous apoptosis was possibly due to release of ATP from the same cells or adjacent cells. We extended those observations and showed that uracyl nucleotides can also reduce the parasitic load in infected cells. Our results suggest that there may be positive modulation of a UTP-responsive P2Y receptor in Leishmania-infected macrophages. Recently, Osorio y Fortéa et al. (2009) have described the genes that are modulated during L. amazonensis infection of macrophages. They found that expression of over 1000 genes was modulated, including the P2X7, P2Y 2, P2Y6, P2Y12 and P2Y13 receptors (Fortea et al., 2009) .
While P2X receptors recruit calcium from the extracellular medium, P2Y receptors mobilize calcium from intracellular storage organelles. Our data showing that UTPinduced anti-Leishmania effects were dependent on intracellular calcium mobilization reinforce the hypothesis that UTP mediates its effects by activation of P2Y receptors rather than P2X7 receptors.
There is growing evidence that, by altering the intracellular calcium concentration, metabotropic P2Y receptors might participate in both growth inhibition and programmed cell death (Fang et al., 1992; Chvatchko et al., 1996; Hopfner et al., 2001; Maaser et al., 2002) . P2Y receptors have been reported to be involved in cell death, since SH-SY5Y cells undergo apoptosis mediated by the P2Y 4 receptor after exposure to UTP (Cavaliere et al., 2005) .
Leishmania enhances its own survival by inhibiting host-cell apoptosis (Ouaissi, 2003; Lisi et al., 2005) . We demonstrated that UTP could induce host cell apoptosis through caspase-3 activation, thus interfering with Leishmania's strategy for survival. Leishmania had been shown to block apoptosis through activation of PI3K/Akt signalling (Ruhland et al., 2007) , inhibition of effector caspases and repression of mitochondrial outer membrane permeabilization (Akarid et al., 2004) . Along these lines, UTPactivated P2Y receptors are coupled to phospholipase C and an increase in diacylglycerol and IP3, followed by an increase in intracellular calcium release (Brunschweiger and Muller, 2006) . Otherwise our data suggest that if UTP-induced apoptosis is involved in parasite control in vivo, its contribution should be minimal, since the treatment with a pan-caspase inhibitor did not revert the leishmanicidal effect of UTP.
Our micrographs revealed that UTP induced some damage in L. amazonensis even before the host cells died. Production of ROS in macrophages is known to mediate parasite killing, and in response, some protozoan parasites such as T. gondii express antioxidant enzymes Fig. 8 . UTP-and UDP-induced Ca 2+ mobilization is concentration-dependent. Resident macrophages were infected or mock-infected with L. amazonensis promastigotes at an moi of 10:1 on glass coverslips. After 4 h, free parasites were removed. After 48 h, cells were incubated with FURA2-AM for 40 min, washed and mounted in the perfusion chamber. Cells received in bolus increasing concentrations of ATP, UTP and UDP, and calcium dose-response curves were analysed. A. The ATP dose-response curves with EC50 = 1 mM for both infected and uninfected cells. B. The UTP dose-response curves with EC50 = 0.7 mM and 7 mM for infected and uninfected cells. C. The UDP dose-response curves with EC50 = 4 mM for infected and uninfected cells. D. The left graph shows the normalized intracellular calcium amplitude at 10 mM UTP, and the right graph shows normalized intracellular calcium amplitude at 100 mM UDP. Concentration-response curves were generated by combining data from at least three independent experiments. ***P < 0.0001. Fig. 9 . P2Y receptor expression levels in uninfected and infected macrophages. Gene expression levels were determined by real-time PCR (A) and protein expression level by Western blot (B and C) as described in Experimental procedures. ANOVA statistical analysis using Bonferroni post-tests (P2Y2, ***P < 00.1; and P2Y4, **P < 0.05) and unpaired t-tests demonstrated significant differences ('Unpaired t-test' ***P < 0.0001 and **P < 0.001). (Shrestha et al., 2006) . Thus UTP-induced parasite damage and the decrease in the extent of infection might be due to ROS and RNI activation. According to our results, UTP induced H2O2 and O2
-production, while UTP and UDP induced NO production only in infected cells. The ability of the nucleotides, especially UTP, to modulate iNOS expression reflects a potentially novel function of nucleotides in host defence, inflammation and cytotoxic responses (Chen et al., 1998; Chen and Lin, 2000) . ROS generated locally by cellular metabolism can also modulate the sensitivity of P2Y receptors in osteoblasts (D'Andrea et al., 2008) .
L. amazonensis also interferes with calcium signalling in response to UTP, promoting additional responses to nucleotides.
Based on the patterns of intracellular Ca 2+ responses to the P2Y agonists (Marriott et al., 1999) surveyed, tree subtypes (P2Y2, P2Y4 and P2Y6) could be considered candidates for mediating uracyl nucleotide effects during L. amazonensis infection. But none of the P2Y receptor subtypes can fully account for the present results. Since macrophages from P2X7 -/-mice do not respond to ATP (Fig. S2) , and P2Y2 receptors are equally sensitive for ATP and UTP, we can exclude the P2Y2 receptor as the main receptor responsible for the nucleotide effects in infected cells, at least in terms of apoptosis effects. The presence of P2Y6 receptors could account only partially for the present results, since these receptors are more sensitive to UDP than UTP and insensitive to ATP in mice, and our results have shown that UTP is the main agonist with anti-leishmanicidal activity. Moreover, we could not detect P2Y6 modulation of mRNA levels during infection, even though P2Y2 and P2Y4 were upregulated. The downmodulation of P2Y6 and upregulation of P2Y2 gene expression during Leishmania infection have been described previously (Fortea et al., 2009) . P2Y4 receptors could also be considered as a candidate, but the experiments using P2 antagonists do not fully support the involvement of P2Y4.
An alternative to consider is that the P2Y receptors could function as heteromers. P2Y receptors in fact can form heteromers with members from the subfamily of P2Y receptors. All P2Y receptors possess specific domains involved in oligomerization, and functional heterogeneity in P2 responses to the same ligand can be explained by assuming interactions between different P2Y receptors (D'Ambrosi et al., 2007) . Our data showing that protein expression of both P2Y4 and P2Y2 receptor is upregulated during L. amazonensis infection reinforce this hypothesis. We therefore propose that a possible heteromeric association between P2Y2 and P2Y4 could take place during Leishmania infection and be responsible for the new functions described for nucleotides in infected macrophages.
Clifford and co-workers have proposed that the use of uridine nucleotides, compared with adenosine nucleotides, may be an advantage during inflammation (Clifford et al., 1997) . The advantage is due to the fact that uridine nucleotides are not degraded into products such as AMP and adenosine, both of which may inhibit inflammation through ligation of adenosine (A2) receptors.
Chemotherapeutic cure of leishmaniasis would require an effective immune response that activates macrophages to produce toxic nitrogen and oxygen intermediates to kill the amastigotes, and we showed here that UTP can induce production of both inflammatory mediators. Leishmaniasis its one of the world's most neglected diseases and has received little attention from pharmaceutical companies, since its treatment is expensive and aggressive. The main currently known anti-leishmanial drugs for use in patients have strong side-effects including being painful and requiring long-term administration. The challenge is to identify parasite and host molecules that modulate macrophage function, with the aim of developing new antiparasite drugs and vaccines. We here propose that UTP should be considered as a possible component of new therapies for treatment of cutaneous leishmaniases.
Experimental procedures
Parasites and macrophages
Leishmania amazonensis promastigotes (MHOM/BR/Josefa) were grown in 199 medium supplemented with 10% heatinactivated fetal bovine serum (FBS) (Gibco BRL) and 5% haemin at 24°C. The parasites were used in the late stationary phase.
The resident macrophages were obtained from the peritoneum of BALB/c, C57BL6 or P2X7-receptor knockout (P2X7 -/-) mice and allowed to adhere directly onto 24-well plastic dishes (Falcon, Becton Dickinson Labware) or on glass microscope coverslips at a cell density of 5 ¥ 10 5 cells per well. After 1 h, cells were washed gently twice with PBS to remove non-adherent cells. Adherent cells were cultured in cell culture medium (DMEM supplemented with 10% FBS and 100 units penicillin/ streptomycin) at 37°C under a 5% CO2 atmosphere.
Macrophages were infected with late-stationary-phase L. amazonensis promastigotes at a ratio of 10:1 (parasite : macrophage). After 4 h, free parasites were washed off macrophage monolayers with PBS and cells were cultured in cell culture medium for 24 h.
Treatment with nucleotides
Treatment of infected or uninfected cells was carried out after a minimum of 24 h of infection with different concentrations of nucleotides for 30-40 min in PBS at 37°C under a 5% CO2 atmosphere. Supernatants were then removed and replaced with complete medium for different periods of time indicated in each experiment at 37°C under a 5% CO2 atmosphere.
ATP, UTP and UDP, and the inhibitors PPADS and Suramin, were purchased from Sigma (St. Louis, MO). UDPbetaS and UTPgammaS were purchased from TOCRIS (Missouri, USA). The reagents were prepared as stock solutions of 100 mM in PBS (phosphate buffer solution) and stored at -20°C until use.
Anti-amastigote activity
Macrophages were obtained from the peritoneal cavity of BALB/c mice, and allowed to adhere for 1 h to a 24-well culture plate at 2 ¥ 10 6 cells per well. The non-adherent cells were removed and after 24 h, the macrophage monolayer was infected with 2 ¥ 10 7 parasites for 4 h at 34°C/4% CO2. After removal of free parasites by washing, the cultures were allowed to rest for 24 h at 37°C/4% CO2, after which they were treated with the agonists, UTP or UDP (100 mM), in PBS for 30-40 min; or antagonists, Suramin (100 mM) or PPADS (300 mM), in PBS for 1 h prior to treatment with agonists. In some experiments, the cells were kept in PBS containing 1 mM EGTA solution for 20 min, then the P2Y agonists were added to the same solution. Alternatively, cells were pre-incubated with 1 mg ml -1 Z-VAD (BioVision) for 30 min followed by UTP treatment. During all treatments, the cells were incubated at 37°C/5% CO2. The cells were then washed with PBS and allowed to rest for the indicated periods of time, fixed with 4% paraformaldehyde for 10 min, and stained with panotic kit (Laborclin) according to the manufacturer's instructions. For each coverslip, about 250 cells were examined at 400 ¥ magnification to count the number of infected macrophages and the average number of parasites per macrophage. Individual amastigotes were clearly visible in the cytoplasm of infected macrophages. The results were expressed as the infection index (II), which is obtained by the formula: II = (% infected macrophages) ¥ (amastigotes/infected macrophage)/100.
Measurement of apoptosis
Measurement of hypo-diploid DNA. Cells with hypo-diploid DNA were defined as apoptotic. Briefly, uninfected and L. amazonensis-infected macrophages were incubated with 3 mM ATP, 100 mM UTP or UDP in PBS for 30 min at 37°C in 5% CO2, and the buffer was then removed and replaced by cell culture medium. In some experiments, the cells were kept in PBS containing 1 mM EGTA for 20 min, and the agonists were then added in the same solution. In some experiments, cells were preincubated with 1 mg ml -1 Z-VAD (BioVision) for 30 min followed by the nucleotide treatment. The cells were kept for 8 h at 37°C in 5% CO2, and then were detached by scraping at 4°C, washed twice with PBS, collected and spun for 10 min (200 g), and transferred to a solution containing 50 mg ml -1 ethidium bromide, 0.01 g ml -1 sodium citrate and 0.1% Triton X-100. The samples were transferred into 12 ¥ 75 mm FALCON 2052 FACS tubes (Becton Dickinson, San Jose, CA). Data from 10 000 cells were collected on a FACScan flow cytometer (Becton Dickinson) with an argon laser tuned to 488 nm, and analysed using Cell Quest 3.3. The events acquired for analysis were gated to eliminate cell aggregates using software WinMDI (Multiple Document Interface Flow Cytometry Application 2.8).
Detection of phosphatidylserine externalization on the cell surface. To detect the early membrane changes of apoptosis (PS externalization on the outside of the cell membrane), we used an AnnexinV-FITC apoptosis staining kit according to the manufacturer's instructions (R&D Systems, Minneapolis, MN). Uninfected macrophages or 24 h infected macrophages were treated with 100 mM UTP or 3 mM ATP for 30 min in PBS, then washed and allowed to rest in complete medium for 6 h. Cells were detached from 24-well plates and washed with cold PBS and incubated with binding buffer containing 0.25 mg ml -1
AnnexinV-FITC and 5 mg ml -1 propidium iodide (PI) for 15 min at room temperature. At least 10 000 cells were analysed by flow cytometry, and apoptotic cells were defined as FITC-positive and PI-negative cells.
TUNEL assay. Macrophages (1 ¥ 10 5 cells) were plated in round glass coverslips and infected with 1 ¥ 10 6 parasites for 4 h at 34°C/4% CO2. After removal of free parasites by washing, the cultures were allowed to rest for 24 h at 37°C/4% CO2. Cells were then treated or not with 100 mM UTP and 3 mM ATP for 30 min in PBS, then washed and were fixed 8 h later with 4% paraformaldehyde and permeabilized with 1% saponin. TUNEL staining was performed using an in situ cell death detection kit (BoehringerMannheim; Meylan, France) according to the manufacturer's recommendations. Fixed cells were labelled with FITC-dUTP using terminal deoxythymidine transferase at 37°C for 60 min. Coverslips were washed three times with PBS. FITC-stained cells were analysed and images acquired using Image Pro Plus (Olympus) software in a Zeiss Axioplan Inverted microscope equipped with rhodamine (Zeiss BP 546/FT 580/LP 590) and fluorescein (Zeiss BP 450-490/FT 510/LP 520) filters.
Caspase-3 activation. To measure caspase-3 activation, we used the CaspGLOW Fluorescein Active Caspase-3 staining kit according to the manufacturer's instruction (BioVision Mountain View, CA). Briefly, after 24 h of infection, macrophages were pre-treated or not with Z-VAD for 30 min, then treated with 100 mM UTP or 3 mM ATP for 30 min in PBS, then washed and allowed to rest in complete medium for 8 h. Cells were detached from 24-well plates and washed with cold PBS and incubated with FITC-DEVD-FMK and incubated for 30 min at 37°C incubator with 5% CO2. At least 10 000 cells were analysed by flow cytometry using the FL1 filter.
Electron microscopy
Uninfected and L. amazonensis-infected cells were incubated with 100 mM UTP for 30 min and 8 h later were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer containing 3% sucrose and 3 mM CaCl2, pH 7.4, for 60 min at 4°C. The cells were then washed three times in the same buffer, scraped off, transferred to an Eppendorf tube and pelleted by centrifugation. The pellets were post-fixed in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer with 1.6% potassium ferrocyanate for 1 h at 4°C, dehydrated sequentially in acetone and embedded in PolyBed 812. Ultrathin sections (90 nm) were cut using a Reichert ultramicrotome OmU3, collected on copper grids, stained with aqueous uranyl acetate followed by lead citrate, and examined in an EM10C Zeiss transmission electron microscope. Electron micrographs were digitalized employing an 8-bit grey scale at a resolution of 5.5 nm per pixel in an EPSON series Scanjet 3970.
Intracellular calcium measurements
Infected cells were grown on glass coverslips for 48 h. The cells were then loaded with 2.5 mM Fura-2-AM (Molecular Probes) for 40 min at room temperature in culture medium. The coverslips were washed in PBS and mounted in a three-compartment superfusion chamber attached to the stage of a NIKON DIAPHOT 300 TMD inverted microscope whose base was formed by a coverslip containing the cells. The central chamber containing the cells had a volume of 200 ml, and was perfused with Ca 2+ -containing saline (PBS supplemented with 1 mM CaCl2) at room temperature at a rate of 1 ml min -1 . The intracellular calcium concentration of groups of 15-30 cells was monitored continuously with the use of a fluorescence photometer (Photon Technology; Princeton, NJ). Fura-2 was excited alternately at 340 and 380 nm, and the emission at 510 nm was measured. The ratio measurement, which is proportional to the intracellular calcium concentration, was determined every 100 ms. The nucleotides were injected in bolus, allowing the drugs to persist in the presence of the cells for 1 min, at room temperature.
Lactate dehydrogenase assay (LDH)
To evaluate the sensitivity of infected or uninfected peritoneal macrophages to lysis by ATP, UTP and UDP, cells were infected as described above. After 48 h, cells were treated with 100 mM UTP or UDP or 3 mM ATP for 8 and 24 h in DMEM plus 5% of HIFCS at 37°C/5% CO2. The supernatant was collected, and the activity of the enzyme LDH was dosed by a colorimetric assay in a spectrophotometer at 510 nm in a 96-well microplate. Results were expressed as optical density (OD).
Production of NO
The supernatant obtained from treated or infected cells was utilized to evaluate NO production, by measuring the nitrite concentration by a colorimetric assay in a spectrophotometer, using the Griess reaction. Briefly, 100 ml of the culture supernatant was reacted with 100 ml of Griess reagent (1% sulfanilamide, 0.1% naphthylethylene diamine dihydrocloride and 2.5% H3PO4) for 10 min at room temperature. The absorbance was measured at 570 nm. The nitrite concentration was calculated using a standard curve of sodium nitrite. Results were expressed as the concentration of nitrite in mM. All tests were performed at least in triplicate.
Generation of H2O2
The procedure was the same as described by Pick and Mizel (1981) , in which the ability of haem peroxidase to catalyse hydrogen peroxide is dependent on dimerization of substituted phenolic compounds. This assay is based on the horseradish peroxidase (HRPO)-dependent conversion of phenol red into a coloured compound by H2O2.
Macrophages were plated and infected or mock-infected in 96-well plates, as described. The cells were then treated with 100 mM UTP, 100 mM UDP and 3 mM ATP and/or 10 mM ascorbic acid for 30 min. The cells were then incubated with phenol red solution (140 mM NaCl, 10 mM Potassium phosphate buffer, 5 mM glucose, 0.28 mM phenol red, 8.5 UI ml -1 HRPO) for 1 h at 37°C. The H2O2 was measured in a spectrophotometer at 630 nm (Power Wave XS, Biotek).
Superoxide production
Superoxide production was estimated by the nitroblue tetrazolium (NBT) reduction assay. Macrophages were plated and infected or mock-infected as described, in 96-well plates. The cells were then treated with 100 mM UTP or 3 mM ATP. Macrophages suspended in 0.45 ml of PBS were incubated for 1 h at 37°C to which were added 0.03 ml of phorbol myristyl acetate (PMA, 5 mM final concentration) and 0.1% NBT. The reaction was stopped by adding 0.45 ml of acetic acid. The mixture was then centrifuged for 30 s at 1000 g. Reduction of NBT results in the formation of blue formazan which was detected spectrophotometrically (560 nm). The results are expressed as OD (arbitrary scale).
ROS measurement
The dye, 2,7-dichlorodihydrofluorescein diacetate (DCFH2DA), is one of the most widely used probes for direct measurement of the redox state of a cell (Soh, 2006) . ROS production can be measured as an increase in fluorescence at 530 nm when the sample is excited at 485 nm. Peritoneal macrophages were cultured and infected or mock-infected as mentioned previously. After 30 h of infection, cells were pre-incubated or not with 10 mM N-acetyl-Lcysteine (NAC) (antioxidant) or control buffer for 1 h. The plates were then incubated with DCFH2DA (20 mg ml -1 ) for 30 min in 37°C, 5% CO2, in a humidified incubator to allow loading of the dye. After 30 min, the cells were exposed to nucleotides for 10 min at 37°C and the conversion of non-fluorescent DCFH2DA into the highly fluorescent DCF was measured using a flow cytometer (FACScan, Becton Dickinson, USA).
Real-time PCR
Total RNA was extracted from 24 h infected or uninfected macrophages using Trizol™ (Life Technologies, Gaithersburg, MD). Every sample was further treated with Amplification Grade DNase I (Sigma Chemical, Poole, UK). Reverse transcription for cDNA synthesis was carried out with a thermal cycler (Applied Biosystems, Foster City, CA) using the SuperScript III FirstStrand synthesis system according to the manufacturer's protocol (Invitrogen, Carlsbad, CA). The expression levels of selected mRNAs were measured by real-time PCR using the ABI Step One Plus Instrument (Applied Biosystems, Foster City, CA). The PCR was performed in 25 ml of buffer containing 1 ml of cDNA, SYBR Green Master Mix (Applied Biosystems, Foster City, CA) and 5 pmol of sequence-specific primers for P2Y2, P2Y4 and P2Y6 coding sequences (Lugo-Garcia et al., 2007) (Table 1) . Thermal cycling conditions consisted of a pre-incubation step for 2 min at 50°C, then denaturation for 10 min at 95°C followed by 40 cycles for denaturation for 15 s at 95°C and annealing/ extension for 1 min at 60°C. Gene expression changes in infected macrophages were normalized with glyceraldehyde 3-phosphate dehydrogenase gene expression as internal control. The data were compared with gene expression levels of uninfected macrophages. The comparative 2 -DDCT method was used for relative quantification of gene expression as described previously (Schmittgen and Livak, 2008) .
Western blot assay
Macrophages (2 ¥ 10 6 ) were infected with 2 ¥ 10 7 L. amazonensis promastigotes for 4 h, as described. After washing away non-internalized parasites, cells were cultured for a further 48 h in DMEM plus 10% FBS. The medium was removed and the cell monolayers were incubated for 30 min in 700 ml of ice-cold lysis buffer containing protease inhibitors (20 mM Tris-HCl, 1 mM EDTA, 1% Triton X-100, 1 mM PMSF, 10 mg ml -1 aprotinin, 10 mg ml -1 leupeptin, 10 mg ml -1 pepstatin-A, 1 mM PMSF pH 8.0). The cell lysates were collected and centrifuged at 2000 g for 10 min. Uninfected macrophages (2 ¥ 10 6 ) from C57/BL6 mice and BALB/c mice were treated in the same way. The pellets were suspended in PBS containing 2% (v/v) b-mercaptoethanol as reducing agent, and the cell extracts (50 mg of protein per line) were separated by electrophoresis in 10% polyacrylamide gels. Blotting to nitrocellulose membranes was carried out using Triseglycine transfer buffer with 20% (v/v) methanol. The membranes were pre-incubated with 5% (w/v) non-fat milk in Trisbuffered saline containing 0.2% (v/v) Tween-20 prior to addition of 1:200 anti-P2Y2R or anti-P2Y4R IgG (Alomone) or 1:1000 anti-actin IgG (Sigma). After washing, secondary peroxidaseconjugated anti-rabbit IgG (Sigma) was added for 1 h at room temperature. Immunostained bands were visualized using the ECL detection system (Amersham Biosciences) and acquired using Storm 840 imaging system (Amersham Biosciences) in blue fluorescence mode. The optical density of the revealed bands was determined by Scion Image software (Scion Corporation, Maryland, USA). Quantification results are expressed in percentage considering actin bands 100% of optical density.
Statistics
Experiments were repeated at least three times and probability (P) was calculated using a Student's t-test. In real-time PCR experiments were analysed by ANOVA statistical analysis using Bonferroni post-tests. TGCTGGGTCTGCTTTTTGCT  ATCGGAAGGAGTAATAGA  P2Y4  TCGATTTGCAAGCCTTCTCT  CCATAGGAGACCAGGGTGAT  P2Y6  TGCTGCTACCCCCAGTTTAC  TGGCATAGAAGAGGAAGCGT  GAPDH TGGCCTCCAAGGAGTAAGAAA GGCCTCTCTCTTCCTCTCAGTATC Sequences for P2Y6 receptor cDNA amplification were as described by Lugo-Garcia et al. (2007) . Fig. S2 . Knockout mice reveal that uracyl-induced apoptosis is independent of the P2X7 receptor. Peritoneal resident macrophages from P2X7 +/+ (A) and P2X7 -/-(B) mice were infected or mock-infected with L. amazonensis promastigotes at a moi of 10:1. After 4 h of infection, free parasites were removed by washing. After 24 h of infection, cells were treated with control buffer, 100 mM UTP, 100 mM UDP or 3 mM ATP. After 8 h, apoptosis was quantified by cytofluorimetry, measuring hypodiploid nuclei. Data from 10 000 cells were collected on a FACScan and analysed using Cell Quest 3.3 software. Cells were uninfected (white bars) or infected (black bars) with L. amazonensis. Values represent mean Ϯ SEM of four independent experiments performed in triplicate ***P < 0.0001; **P < 0.001; *P < 0.05. Using macrophages from C57BL6 mice, we observed that infected macrophages undergo apoptosis induced by ATP (30 Ϯ 2%), UTP (34 Ϯ 2%) and UDP (19 Ϯ 1%) (A). These results show that the genetic background does not alter the sensitivity of the cells to nucleotide-mediated apoptosis. In addition, we observed that in macrophages from P2X7 -/-mice, spontaneous apoptosis was slightly lower than in macrophages from P2X7 +/+ mice (3 Ϯ 2%), as seen in (B). The apoptosis induced by ATP was abolished in both infected and uninfected macrophages from P2X7 -/-mice (B), suggesting that extracellular ATP was acting mainly through P2X7. In contrast, UTP and UDP induced apoptosis in 22 Ϯ 1% and 16 Ϯ 1%, respectively, only in infected macrophages (A) from either wild-type or P2X7-deficient mice (B). This indicates that uracyl nucleotides induce apoptosis via activation of a mechanism that is independent of the P2X7 receptor.
Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
